We propose and experimentally demonstrate a tunable fractional order photonic differentiator using an on-chip electrically tuned MachZehnder interferometer (MZI) structure. The phase shift at the resonant frequency of the MZI varies when applying different voltages, which can implement the fractional differentiation. Due to the large 3-dB bandwidth of the MZI, the differentiator is expected to have an operation bandwidth of several hundred GHz. The proposed fractional order differentiator is demonstrated experimentally. A Gaussian-like pulse with a bandwidth of about 200 GHz is temporally differentiated with a tunable order range from 0.83 to 1.03. Express 20(27), 28273-28280 (2012). 14. T.-J. Ahn and J. Azaña, "Wavelength-selective directional couplers as ultrafast optical differentiators," Opt.
Introduction
Temporal photonic differentiator is a basic operator that performs real-time differentiation of the field envelope of an optical signal, which has wide applications in numerous fields such as pulse characterization, ultra-fast signal generation, and ultra-high-speed coding.
Numerous techniques have been proposed recently to implement all-optical temporal differentiation, including the use of a long period fiber grating [1] [2] [3] [4] , a phase shifted fiber Bragg grating [5, 6] , an interferometer [7, 8] , a semiconductor optical amplifier [9, 10] , a silicon microring resonator [11, 12] , or a directional coupler [13] [14] [15] . In Ref [16] , CuadradoLaborde et al explored fractional differentiation for the first time, and presented an all-optical temporal differentiator using a photonic Mach-Zehnder interferometer (MZI) by numerical simulations, but the tunability of the differentiation order was not mentioned. Afterwards, the fractional-order differentiator has been implemented based on different methods such as asymmetrical phase-shifted fiber Bragg grating [17] , tilted fiber Bragg grating [18, 19] , and silicon-on-isolator (SOI) microring resonator with a multimode interferometer (MMI) coupler [20] , and the last two schemes could provide tunability of fractional order. Fractional differentiation can be considered as a generalization of integer-order differentiation, with potentials to accomplish what integer-order differentiation cannot [16] .
In this paper, we demonstrate a tunable fractional-order differentiator based on an electrically tuned SOI MZI. Our scheme has a large operation bandwidth of several hundred GHz. By changing the voltage applied on one arm of the MZI, the waveguide loss of the arm is changed correspondingly, which leads to the variation of phase shift at the resonance wavelength. This means the fractional-order differentiation is possible and the differentiation order is also tunable. A Gaussian-like pulse with a bandwidth of about 200 GHz is successfully differentiated with a tunable fractional order ranging from 0.83 to 1.03. Our scheme provides an integrated solution for fractional order differentiation.
Operation principle
An Nth-order temporal differentiator provides the Nth-order derivation of the complex envelope of an input optical signal. Therefore, the output differentiated signal in frequency domain can be written by
where N is not necessarily an integer generalized to fractional-order differentiation, ω By changing the voltage applied on one arm of the MZI, we can change the value of the power splitting ratio β [21] . Figs. 1(a) and 1(b) show the responses of amplitude and phase of MZI at different splitting ratio. The MZI structure has a good linear frequency response near its resonant frequency notch when β = 1, which exactly act as the first-order differentiator [7] .
As can be seen in Fig. 1(b) , the phase shift is less than π when β >1, and higher than π when β <1, corresponding to the fractional order differentiator. We then employ on-chip MZI structure to implement fractional-order differentiation. The device was fabricated at the SMIC commercial 0.18μm CMOS foundry [22] . We use a silicon-on-insulator (SOI) wafer with 340 nm top silicon layer and 2 μm buried oxide layer. The straight rib waveguides and multimode interference (MMI) couplers are patterned by deep UV lithography and then dry etched to form 50nm thick slabs. Boron and Phosphor implantations are followed to form the PN junctions. For metal-silicon contact, highly P and N type doping with density of 1 × 10 19 cm −3 are located 700 nm away from the waveguide side wall. This distance comes from a tradeoff between modulation bandwidth and optical absorption loss. At last, aluminum layer with 1μm thickness is sputtered, patterned and etched down as the electrodes with the ground-signal-ground pads. Figure 3 Figure 4 shows the measured transfer function of the MZI. We apply different voltages on two arms of the MZI. Voltages applied on one arm (marked as Arm A) of the MZI are defined as positive voltages (dash line) in Fig. 4 , and voltages applied on another arm (marked as Arm B) are defined as negative voltages (solid line). Comparing the amplitude responses of Fig. 1(a) and Fig. 4 , we can see that when the applied voltage is −1.2V, there is the deepest frequency notch, indicating β = 1 and a π phase shift at the frequency notch. On the other hand, the phase shift of the MZI is less or more than π when applying the other voltages. When the voltage is changed by 0.1V, the resonance wavelength is shifted by about 0.5nm correspondingly. Therefore the optical carrier of input signal should be tuned correspondingly. The total loss (including the coupling loss and transmission loss) of the MZI chip is about 24dB. The free spectral range (FSR) is 700 GHz and the 3-dB bandwidth is about 550 GHz. Thus the differentiator is expected to have an operation bandwidth of several hundred GHz. The notch depth ranges from 15 dB to 40dB when applying different voltages. Due to the hardware restraint, the phase response of the MZI chip was not measured. However, we can deduce from Fig. 1 and Fig. 4 that the MZI has a varied phase shift at the resonant frequency by applying different voltages.
Experiment and results
The experimental setup is shown in Fig. 5 . The tunable pulse generator is composed of a tunable laser source (TLS), two polarization controllers (PCs), a Mach-Zehnder modulator (MZM) to produce a direct current (DC) free pulse train, an erbium doped fiber amplifier (EDFA) to compensate the loss induced by the MZM, an optical tunable delay line (OTDL) used to synchronize the radio frequency (RF) applied on the MZM and phase modulator (PM), a PM to induce large chirp, a segment of single mode fiber (SMF) for chirp compression to generate a short pulse train [23] . The pulse generator generate a Gaussian-like pulse train with a full width at half maximum (FWHM) of 5.4 ps and a repetition frequency of 10 GHz. The Gaussian-like pulse is shown in Fig. 6(a) . The output signal of the MZI chip is amplified by an EDFA and then analyzed through a high speed oscilloscope (OSO) with a bandwidth of 500GHz (EYE-1100C). When we apply voltages with 1.10V, 1.05V, 1.00V, 0V, −1.00V, −1.10V, −1.20V, −1.25V on the MZI, and fine tune the TLS wavelength to be aligned with the notch wavelength, the output differentiated waveforms are shown in Figs. 6(b)-6(i). At the same time, the simulated waveforms of fractional-order differentiation are also shown, whose fractional orders are N = 0.83, 0.85, 0.88, 0.93, 0.96, 0.98, 1.00, 1.03, respectively. One can see there is a good agreement between the measured pulses and the ideal differentiators except a small discrepancy at the pulse notch. In order to align the laser wavelength to the spectral notch, we first observe the MZI spectral notch and fix it. For example, Fig. 7 shows the spectra of input Gaussian-like pulse and the output pulse with a differentiation order of 1.00. The notch wavelength is about 1552.5 nm. Then we tune the laser wavelength at the same wavelength. With the tunable pulse generator in Fig. 5 , we obtain a Gaussian pulse train whose spectrum is shown in Fig. 7 (blue line) . The spectrum is not Gaussian-like just because it is chirped with the tunable pulse generator. Finally, the spectrum after the MZI chip is observed as shown in Fig. 7 (red line) . One can see the input signal carrier is well aligned with the MZI resonant notch, and the carrier is deeply suppressed at the output spectrum. We may notice that the MZI functions as a fractional differentiator with N = 0.93 when no voltage is applied. This is caused by the device fabrication imperfection, which leads to the unequal power of the two arms of the MZI. By improving the fabrication performance, we can implement a differentiator with N = 1 at the voltage of zero, and then obtain fractional order N >1 with negative voltages applied, and obtain N <1 with positive voltages. But the fractional order range is limited by the protection voltage of the MZI in case of damaging.
Conclusions
A silicon photonics-based continuously tunable fractional-order temporal differentiator was proposed and experimentally demonstrated. The key to achieve the differentiation order tuning was based on the changing of the voltage applied on the MZI arms, which led to the change of the waveguide loss, hence change of the phase shift. We successfully demonstrated fractional order differentiation of a 5.4-ps Gaussian-like pulse. The fractional order is varied from 0.83 to 1.03.
